Adenosine-to-inosine RNA editing, catalyzed by ADAR enzymes, alters RNA sequences from 16 those encoded by DNA. These editing events are dynamically regulated, but few trans regulators 17 of ADARs are known in vivo. Here, we screen RNA binding proteins for roles in editing regulation 18 using in vivo knockdown experiments in the Drosophila brain. We identify Zinc-Finger Protein at 19 72D (Zn72D) as a regulator of editing levels at a majority of editing sites in the brain. Zn72D both 20 regulates ADAR protein levels and interacts with ADAR in an RNA-dependent fashion, and similar 21 to ADAR, Zn72D is necessary to maintain proper neuromuscular junction architecture and motility 22 in the fly. Furthermore, the mammalian homolog of Zn72D, Zfr, regulates editing in mouse primary 23 neurons, demonstrating the conservation of this regulatory role. The broad and conserved 24 regulation of ADAR editing by Zn72D in neurons represents a novel mechanism by which critically 25 important editing events are sustained. 26 2 Introduction 27
are conserved in metazoans (Bass, 2002) . Inosine is recognized by the cellular machinery as 33 guanosine (G); therefore, a single editing event in an RNA has the ability to change the regulation 34 of the RNA or to change the protein encoded by the transcript by altering a codon or splice site 35 (Nishikura, 2010) . Millions of these RNA editing sites have been identified, necessitating a better 36 understanding of how this process is regulated (Walkley and J. B. . 37 neuronal excitability (Rosenthal and Seeburg, 2012) , and its dysregulation is associated with a 45 host of neurological diseases including amyotrophic lateral sclerosis, astrocytoma, and transient 46 forebrain ischemia (Slotkin and Nishikura, 2013) . In Drosophila, loss of the single Adar 47 homologue, most akin to mammalian Adar2, leads to neurological phenotypes including impaired 48 locomotion and age-related neurodegeneration (Palladino et al., 2000) . While maintaining RNA 49 editing levels is critical for proper immune and neuronal function, regulation of ADAR proteins and 50 editing levels is poorly understood. 51 52 Recent studies suggest that regulation of RNA editing levels is highly complex and that critical 53 2009). Trans regulators of ADAR proteins may help explain this variation in editing levels (Sapiro 57 et al., 2015) ; however, few ADAR and editing level regulators are known. In mammals, Pin1, 58 WWP2, and AIMP2 regulate ADAR protein levels or localization, which can then alter editing 59 5 knockdown of the target. 19 RNA binding protein targets showed greater than 40% knockdown 119 efficiency, and RNA-seq libraries from two replicates of each and two GFP-targeting control 120 knockdown libraries were sequenced. We then determined editing levels at the 1236 sites that 121 were affected by Adar knockdowns. Editing levels between all biological replicates used in the 122 screen were highly reproducible, similar to shGFP replicates ( Figure S1A ). We determined 123 whether sites differed between shGFP controls and RBP knockdowns using Fisher's exact tests 124 of total A and G counts from the biological replicates combined. Figure 1D shows the number of 125 editing sites that were more highly or lowly edited in each knockdown than in the GFP controls, 126 as well as the knockdown efficiency for each target as measured by RNA-sequencing (see Tables  127 S2, S3). The majority of the RBP knockdowns showed evidence of positive or negative regulation 128 of editing at fewer than 50 editing sites, and these effects generally led to small changes in editing 129 (Figure S1B Zn72D knockdown alters editing levels at a distinct subset of editing sites 140
141
As Zn72D was the strongest hit to come out of our screen for editing regulators, we took a closer 142 look at the sites that were affected by Zn72D knockdown. Comparing editing levels between 143 C155-Gal4; UAS-shGFP and C155-Gal4; UAS-shZn72D revealed dramatic changes in editing at 144 many, but not all, sites (Figure 2A) , suggesting Zn72D is a site-specific editing regulator. To 145 validate this striking editing phenotype, we crossed an independent UAS-shZn72D line (obtained 146 from Bloomington Drosophila Stock Center) to C155-Gal4 and sequenced the RNA to confirm the 147 editing level differences from control knockdown. We observed a similar editing phenotype with 148 this independent shRNA line, with the same editing sites showing the same responsiveness to 149
Zn72D knockdown with both shRNAs (Figure S2A-B, Table S2 ). To verify that the editing6 phenotype was not a consequence of the RNAi system itself or off target effects, we crossed two 151
Zn72D mutant alleles, Zn72D 1 and Zn72D 1A14 , which caused premature stop codons at amino 152 acids 38 and 559 respectively. These Zn72D 1/1A14 mutants died before reaching adulthood, as 153 previously reported (Brumby et al., 2004 ), so we collected heads from pupae approximately 72 154 hours after puparium formation and sequenced the RNA to check editing levels. Zn72D mutant 155 pupal heads also showed large differences in editing from wild type pupal heads (Figure 2B , 156 Table S2 ). We then compared the changes in editing observed in the Zn72D knockdowns to those 157 in the Zn72D mutants. Despite the difference between the developmental stages of the flies, the 158 editing level differences between wild type and Zn72D mutant pupal heads were similar to the 159 editing level differences found at the same sites between shGFP and shZn72D in adult brains 160 (Figure 2C) , confirming that the Zn72D editing phenotype was highly reproducible and site-161 specific. 162
163
Since 93% of the editing sites affected by Zn72D knockdown had decreased editing levels, we 164 wanted to determine whether Zn72D loss reduced Adar mRNA or protein levels. We first checked 165
Adar mRNA levels between shGFP and shZn72D brains and wild type and mutant heads. 166
Decrease of Zn72D did not lead to a significant decrease in Adar mRNA levels (Figure 2D, S2C) . 167
To check ADAR protein levels, we knocked down Zn72D in the Adar-HA (Jepson et al., 2011) 168 background, in which endogenous ADAR protein is tagged with HA, using the pan neuronal driver 169
Elav-Gal4. By western blot, we found that ADAR-HA protein was decreased by 49% in Zn72D 170 knockdown brains. We also crossed the mutants into the Adar-HA background, and we found 171 ADAR-HA levels were decreased by 72% in Adar-HA; Zn72D 1/1A14 pupal heads (Figure 2E) Figure 1C ) and the weaker Adar knockdown (see Figure S3A ) used to validate our screening 178 approach, which caused a global decrease in editing at all sites. Unlike the Adar knockdowns, the 179 two Zn72D knockdowns affected 59% and 66% of editing sites (see Figure 2A, HA IP in Adar-HA; Zn72D-GFP head lysates. However, after treatment with RNase A, the 218 interaction was significantly weakened, suggesting that the two proteins interact in an RNA-219 dependent manner (Figure 3E) . We subsequently performed the reciprocal co-IP in lysates from 220 nuclei of heads of Adar-HA; Zn72D-GFP flies, using Adar-HA flies as a negative control. We found 221 that ADAR-HA co-immunoprecipitated in the anti-GFP IP in nuclei containing both tagged 222
proteins, but not after RNase A treatment (Figure 3F) , which suggested that ADAR and Zn72D 223 interact in an RNA-dependent manner within the nucleus. IgG antibody rather than GFP antibody; these negative controls did not immunoprecipitate enough 235 RNA to amplify RNA-seq libraries, suggesting our pulldown was specific to RNAs bound by 236 Zn72D-GFP. To determine transcript enrichment in the RIP, we counted the reads mapping to 237 each gene in both the IP libraries and matched input libraries made from RNA extracted from 4% 238 of the input lysates. We then used these counts as inputs to DESeq2 to determine genes with 239 increased or decreased expression in the RIP compared to inputs. We found that of the 217 240 transcripts sequenced in the RIP with at least one editing site affected by Zn72D, 182 (84%) were 241 significantly enriched in the RIP over the input ( Figure 3G , Table S4 ). To further validate the 242 results of the RIP-seq including our IgG negative controls, we used qPCR to quantify the relative 243 levels of qvr, cac, para, and Shab in both IgG and GFP IPs and matched inputs ( Figure 3H ). We 244 found that these transcripts with large editing changes in Zn72D knockdowns showed between 245 332-and 899-fold higher amounts in GFP IPs compared to IgG IPs after normalizing by input 246 levels. Taken together, these experiments support the hypothesis that Zn72D binds at least some9 of the same transcripts that ADAR edits, which may help explain its role as a site-specific regulator 248 of editing levels. homolog of Zn72D, Zfr, altered editing levels in mammalian neurons, we designed shRNAs 316 against mouse Zfr as well as Adar2, which encodes the homolog of dADAR, and Adar1, which 317 encodes the other catalytically active mammalian ADAR protein (Figure 4A) . We knocked down 318
Adar1, Adar2, and Zfr in mouse primary cortical neurons, extracted RNA, and made and 319 sequenced RNA-seq libraries. We compared editing levels between two combined biological 320
replicates of primary neurons transfected with control shRNAs to those transfected with shRNAs 321 against Adar1, Adar2 and Zfr (Figure 4B-D) . In each knockdown, we found more than 100 sites 322 with decreased editing levels, demonstrating that Zfr knockdown alters editing levels in this 323 mammalian neuronal context (Table S6) . Among the sites affected by Zfr was the Gria2 Q/R site 324 that is known to play a critical role in neuronal function (Horsch et al., 2011) . We compared the 325 sites decreased upon knockdown of Adar1, Adar2, and Zfr, and we found all three knockdowns 326 altered a distinct subset of editing sites. Of note, the set of sites decreased by Zfr knockdown 327 more closely overlapped with those decreased by Adar2 knockdown than those decreased by 328
Adar1 knockdown (Figure 4E ). This finding is consistent with our findings in Drosophila, as the 329 single ADAR enzyme is a closer homolog of mammalian ADAR2 in sequence and in function 330 (Keegan et al., 2011) . 331 332 Since Zfr appeared to affect mostly ADAR2-regulated sites, we used the RNA-seq data to 333 measure Adar1, Adar2, and Zfr mRNA expression levels in all three knockdowns. We found that 334
Zfr knockdown led to a decrease in Adar2 mRNA expression (Figure 4F) , suggesting that Zfr 335 regulated Adar2 levels in mouse primary neurons. Further supporting an ADAR2-centric role for 336 editing level regulation by Zfr, we found that knocking down ZFR in human Hek293T cells (Haque 337 et al., 2018) led to no change in editing (Figure S6A-C , Table S7 ). Adar2 is much more lowly 338 expressed in Hek293T cells than in the mouse primary neurons (Figure S6D) , and therefore 339 ADAR1 is likely responsible for the vast majority of editing events in these cells. Taken together, 340 these data suggest that the broad mechanisms of Zn72D regulation of editing -regulating both 341 ADAR levels and editing at specific sites -are conserved in the mouse brain between Zfr and 342 gain-of-function mutation in maleless regulates RNA editing levels in para (Reenan et al., 2000) , 382
ADAR2. 343
although loss-of-function mutations did not have the same effect. As the human homolog of 383
Maleless, DHX9, is also known to regulate editing (Hong et al., 2018a) , some of the Zn72D editing 384 phenotype may be caused indirectly through regulation of maleless, although this possibility 385 needs to be further explored in the future. 386
387
We found that Zn72D knockdown regulated editing in a site-specific manner, altering editing at 388 the majority of sites but leaving a large number of editing sites unchanged. We showed that Zn72D 389 co-localizes and interacts with ADAR in an RNA-dependent manner, leading us to hypothesize 390 that Zn72D facilitates ADAR editing at some sites by binding the same dsRNAs as ADAR. While 391
Zn72D enhances editing at a majority of editing sites, a large number of sites are unaffected by 392
Zn72D levels and editing is inhibited by Zn72D at a small number of sites. The effect of Zn72D 393 on editing differs within transcripts and even between sites found within a few bases of each other. 394 While Zn72D loss leads to an overall decrease in ADAR protein, the effects of this loss are 395 distributed asymmetrically across edited adenosines, in a manner that is distinct from the effect 396 of knocking down Adar itself. While some of the observed editing decreases may be a 397 consequence of lower ADAR levels, we hypothesize that for at least a subset of RNA species, 398 the presence of Zn72D alters the efficiency at which particular adenosines are edited, specifically 399 for the transcripts in which Zn72D loss increases editing. 400
401
The exact mechanics of the Zn72D-ADAR interaction need to be further studied, as Zn72D may 402 affect editing in different ways. For example, Zn72D may alter the structure of ADAR-bound 403 dsRNAs by modulating splicing kinetics; however, while we found 40 transcripts with both splicing 404 and editing changes, there were many transcripts with editing changes where we did not find 405 evidence of splicing changes. Furthermore, while splicing efficiency can alter editing levels (Licht 406 et al., 2016), editing can also affect splicing (Hsiao et al., 2018) , so future studies should 407 determine whether Zn72D splicing is in fact regulating editing at some sites. Zn72D could also 408 alter ADAR binding at certain dsRNA structures to change which adenosines get edited or modify 409 other, a process which in itself is poorly understood. Future studies will help to clarify how Zn72D 411 affects ADAR's function. 412
413
In addition to molecular phenotypes, we found that loss of Zn72D leads to cellular and organismal 414 phenotypes. Zn72D mutant larvae have abnormal morphology and protein expression at the NMJ, 415
and Zn72D knockdown flies have decreased climbing ability, which are similar to defects found in 416
Adar mutants. However, for both the NMJ and climbing defects, the phenotypes we observed 417 differ somewhat from phenotypes that we or others have found in Adar mutants and knockdown 418 flies. While some of the phenotypes we observed may stem from RNA editing defects, it is also 419 likely that Zn72D has ADAR-independent functions. These results are also consistent with fact 420 that Zn72D mutations cause lethality earlier than Adar mutations, and that Zn72D plays a role in 421 regulating splicing outside of the transcripts where we observed editing changes. Overall, these 422 results demonstrate that Zn72D plays a critical role in neurons, and that loss of Zn72D has 423 important physiological consequences for the fly. 424
425
In mammalian neurons, we found that knocking down Zfr led to a large decrease in editing levels, 426
suggesting that the neuronal role of Zn72D in RNA editing is conserved. Knockdown of Zfr 427 affected mainly editing sites that were regulated by ADAR2, although at a subset distinct from 428 those affected by Adar2 knockdown. Knockdown of Zfr also led to a decrease in Adar2 mRNA 429 levels, suggesting that at least some portion of the editing phenotype may be due to decreased 430 ADAR2 levels in mouse primary neurons. In a biochemical screen for proteins that interact with 431 human ADARs, we identified human ZFR as a top ADAR1-and ADAR2-interacting protein and 432 demonstrated an RNA-dependent interaction between ZFR and ADAR1 and ADAR2 (Freund et Table 8 ) in 495 an 8 ul reaction with 2 ul of 5X Hybridization buffer (500 mM Tris-HCl pH 7.4, 1 M NaCl). We 496 annealed rRNA antisense oligos to total RNA samples for 2 minutes at 95°C, slowly reduced the 497 temperature to 65°C and then added 2U of Hybridase Thermostable RNase H (Epicenter, 498
Madison, WI: Lucigen H39500) and 1 ul of 10X Digestion buffer (500 mM Tris-HCl, 1 M NaCl, 499
200mM MgCl2) to make 10 ul total and incubated for 30 minutes at 65°C. rRNA-depleted RNA 500 was then purified using 2.2X reaction volume of Agencourt RNAClean XP beads (Beckman 501
Coulter: A63987), treated with TURBO DNase (Invitrogen: AM1907), and then purified with 502
RNAClean XP beads again. rRNA-depleted RNA was used as input to KAPA Stranded RNA-seq 503 Kit (Kapa Biosystems: KK8400) to make RNA-sequencing libraries for fly knockdowns. (Hoskins et al., 2015) . 513
Mapped reads were filtered for primary hits only. Editing levels were determined using the 514 To analyze splicing changes in Zn72D knockdown flies, we trimmed all reads to 75 bp and then 529 mapped reads using STAR v2.54b (--twoPassMode Basic), filtering for uniquely mapped reads. 530
We ran MISO (Katz et al., 2010) after merging reads from two biological replicates of shGFP and 531 shZn72D (BDSC#55625). We used the modENCODE Drosophila splice junctions available 532 through MISO (https://miso.readthedocs.io/en/fastmiso/annotation.html), lifted over from dm3 to 533 dm6 using UCSC Genome Browser LiftOver function (http://genome.ucsc.edu). After comparing 534 events, we filtered for significant changes using --num-inc 1 --num-exc 1 --num-sum-inc-exc 10 -535 -delta-psi .12 --bayes-factor 20. 536
Brain immunofluorescence microscopy 537 3-5 day old female fly brains were dissected and stained exactly as in (Wu and Luo, 2006) 
NMJ immunofluorescence microscopy 548
Zn72D mutant alleles were maintained over GFP-tagged balancer chromosomes or the larval-549 selectable Tb marker to enable selection as third instar larvae. Third instar larvae were dissected 550 and stained as previously described (Mosca et al., 2012) The following secondary antibodies were used: Alexa-488 conjugated goat anti-mouse (Jackson 557 ImmunoResearch) and Alexa568-conjugated goat anti-rabbit (Invitrogen), both at 1:250. Larvae 558 were imaged on a Zeiss LSM 880 confocal microscope with a 40X, NA 1.3 or a 63X, NA 1.4 lens. 559
NMJs on muscle 4 in segment A3 on both the right and left sides were imaged and quantified. All 560 images were scored with the experimenter blind to genotype and processed using ImageJ (NIH) 561
and Adobe Photoshop (Adobe, San Jose, CA). Immunofluorescence was quantified using ImageJ 562 (NIH) and data analyzed using GraphPad Prism 8.0 (Graphpad Software, San Diego, CA). 563 564
Co-immunoprecipitation experiments 565
Immunoprecipitation of HA-ADAR was performed as described in (Bhogal et al., 2011) Germany: 74204) for purification following the standard protocol. RIP-seq libraries were made 608 using KAPA HyperPrep RNA-seq Kits (Kapa Biosystems: KK8540) after rRNA depletion as 609 described for RNA-seq library preparation. Libraries were sequenced with 76 base pair paired-610 end reads on an Illumina NextSeq. Reads were mapped to the dm6 as described above using 611 STAR, and RSEM was used to obtain counts for reads hitting each gene. Expected read counts 612 rounded to the nearest integer were used as input for differential expression analysis in DESeq2. 613
Log2 fold changes were calculated using the DESeq() function followed by lfcShrink(type= 614 "apeglm") (Zhu et al., 2018). Normalized counts from inputs were determined using 615 counts(normalized=TRUE). For qPCR, cDNA was made with iScript Advanced (Bio-Rad: 616 1708842), and qPCR was performed using KAPA SYBR Fast (Kapa Biosystems: KK4600) with 1 617 ul of input cDNA. GFP and IgG RIP Cts were normalized to inputs: ΔCt GlutaMAX, and Penicillin-Streptomycin (Gibco) in a humidified incubator at 37°C, with 5% CO2. 642
Half media changes were performed every 4-5 days, or as required. For gene silencing 643 experiments, neurons were infected the day after seeding with a 6-well pellet worth of 644 concentrated frozen virus (see above). The media was changed 12-16 hours later and every 4 645 days following (neurobasal + B-27 + glutamine). Neurons were harvested on day 7 and RNA was 646 extracted using the PARIS kit from Ambion followed by TURBO DNase. Adar1, Adar2, and control 647 shRNA#1 knockdowns were matched from the same mouse, while Zfr and control shRNA#2 648 knockdowns were matched from the same mouse. 250 ng of RNA was used to make next 649 generation Illumina sequencing libraries using the KAPA HyperPrep kit from two biological 650 replicates of each genotype. For Adar2 knockdowns, we sequenced three technical replicates of 651 the first biological replicate combined all A and G counts to increase coverage. Editing levels were 652 determined after requiring 20X coverage total. 653 654
Accession Numbers 655
The high-throughput sequencing data utilized in this work, including the RNA binding protein RNAi 656 screen, Zn72D-GFP RIP-seq, and the mouse primary neuron RNA-seq, have been deposited in 657 the Gene Expression Omnibus (GEO) database, accession number GSE126631. 658
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